Apoptosis has been regarded to mediate intervertebral disc degeneration (IDD); however, the basic question of how the apoptotic bodies are cleared in the avascular intervertebral disc without phagocytes, which are essential to apoptosis, remains to be elucidated. Our goals were to investigate the ultrastructure of nucleus pulposus (NP) cells undergoing chondroptosis, a variant of apoptotic cell death, in a rabbit annular needlepuncture model of IDD. Experimental IDD was induced by puncturing discs with a 16-G needle in New Zealand rabbits. At 4 and 12 weeks after puncture, progressive degeneration was demonstrated by X-ray, magnetic resonance imaging and histological staining. TUNEL staining suggested a significant increase in the apoptosis index in the degenerated NP. However, the percentage of apoptotic cells with the classic ultrastructure morphology was much less than that with chondroptotic ultrastructure morphology under transmission electron microscopy (TEM). The chondroptotic cells from the early to late stage were visualized under TEM. In addition, the percentage of chondroptotic cells was significantly enhanced in the degenerated NP. Furthermore, 'paralyzed' cells were found in the herniated tissue. Western blotting revealed an increase in caspase3 expression in the degenerated NP. The expression of the Golgi protein (58K) was increased by the fourth week after puncture but decreased later. These findings indicate that chondroptosis is a major type of programmed cell death in the degenerated rabbit NP that may be related to the progressive development of IDD.
Introduction
Intervertebral disc degeneration (IDD) is considered a major cause of low-back pain (Miyagi et al. 2014) . However, the pathophysiological mechanism is still unclear. Factors that influence the process of disc degeneration include abnormal mechanical loading, unfavorable inheritance, smoking, obesity and aging (Kelempisioti et al. 2011; Vo et al. 2011; Paul et al. 2012; Samartzis et al. 2012) . In intervertebral discs (IVDs) these factors increase the risk of cell death, which further reduces synthesis of extracellular matrix components (Zhao et al. 2007) .
Apoptosis, the type I programmed cell death, has been reported to be involved in IDD induced by different stimulators such as mechanical and structural stimulation (Sudo & Minami, 2011; Ding et al. 2012) . Furthermore, suppression of apoptosis via siRNA also leads to regeneration of IVDs (Sudo & Minami, 2011) . Apoptosis distinct from pathological necrosis is characterized by nuclear condensation, fragmentation and budding into apoptotic bodies within the lipid membranes, followed by shrinkage of the cytoplasmic membrane and rapid phagocytosis of dead cells (Kerr et al. 1972) . Although the ultrastructure of classical apoptosis was observed in cell culture (Gruber et al. 2000) , it is rarely investigated thoroughly in vivo, where TUNEL staining instead of transmission electron microscopy (TEM) is always used. The final apoptotic body is generally cleared from the system via phagocytosis by macrophages, reducing the possibility of subsequent inflammation, which is used to distinguish apoptosis from necrosis. However, there are no phagocytes in nucleus pulposus (NP) tissue due to the lack of blood supply in IVDs (Roberts et al. 2006) . In addition, the NP cells embedded within the matrix are isolated from other cells. Therefore, we speculate that there is another form of cell death in addition to classical apoptosis in vivo during IDD.
Variations of apoptosis have been reported, including paraptosis and lipoapoptosis (Kakisaka et al. 2012; Wang et al. 2012) . Dark cells, which may be a type of programmed cell death in non-classical cases, have also been found in several species (Anderson, 1964; Roach & Clarke, 2000; Roach et al. 2004; Perez et al. 2005; Ahmed et al. 2007; Chen et al. 2010) . These studies defined dark chondrocytes as chondroptotic cells, with a characteristic morphology different from that observed in classical apoptosis. Under TEM, typical apoptotic cells exhibit condensed nuclear chromatin, a shrunken cell membrane and blebbing of apoptotic bodies. In contrast, chondroptotic cells are dark and have extensive endoplasmic reticulum (ER) blebbing of cytoplasmic vacuoles, a ruptured cell membrane and vacuole discharge. In alkaptonuric cartilage, chondroptosis has also been observed (Millucci et al. 2015) . The biochemistry of IVDs is known to resemble that of articular cartilage, and the NP cells transform into chondrocyte-like cells upon IDD. Importantly, chondroptotic cells have also been found in the annulus fibrosus (AF) of degenerated discs collected from patients (Sitte et al. 2009 (Sitte et al. , 2012 ; however, the existence of chondroptotic cells in the NP remains unclear. In addition, these cells have been found in cervical discs rather than in the lumbar discs that are regarded as the main component of disc herniation in patients, and the morphological description of chondroptotic cells might not be systematic enough. Considering the above findings, we hypothesized that chondroptosis is the major type of programmed cell death in the NP. In the present study, we systematically elucidate the existence and role of chondroptosis in the degenerated NP using a rabbit annular needle-puncture model of IDD.
Materials and methods
All animal experiments were approved by the ethical committee for animal experimentation of WenZhou Medical College, Zhejiang, China.
Rabbit model of IDD
The widely accepted needle-puncture rabbit model of IDD was performed using 30 male 1-year-old New Zealand rabbits in conventional housing, weighing approximately 3-3.5 kg each. Twenty out of the 30 rabbits were randomized into a model group with 10 rabbits in the 4-week group and 10 in the 12-week group. After anesthesia with 10% trichloroacetaldehyde monohydrate administered intraperitoneally (3 mL kg À1 ), the rabbits were placed in a lateral prone position. A posterolateral retroperitoneal approach was used to expose the anterior surface of three consecutive lumbar IVDs (L3-4 to L5-6), according to the location of L5-6 discs corresponding to the pelvic rim. The L3-4 and L5-6 discs were punctured from the AF into the NP for 5 s using a 16-G needle parallel to the endplates. The depth was controlled at precisely 5 mm as described previously (Masuda et al. 2005) , while the L4-5 disc was left intact as an internal control. The remaining 10 rabbits were not punctured and served as the control group. After the operation, three rabbits out of the 10 were killed for histology analysis, and the other rabbits were killed for TEM and Western blotting.
Imaging and histomorphology
Following anesthesia, radiological and magnetic resonance imaging (MRI) investigations were performed at 4 and 12 weeks postoperatively under a strict protocol, as previously described (Masuda et al. 2005) . The preoperative images were used as a baseline measure. To confirm the progressive degeneration of punctured IVDs compared with that of the normal discs, the disc height index (DHI) and modified Thompson classification were evaluated by two experts in the image archiving and communication system at our hospital. These normal and punctured discs containing adjacent endplates, and minimal vertebral body were harvested from the rabbits after death. They were fixed in 10% neutral formalin and decalcified with 10% EDTA, followed by paraffin embedding. The 5-lm-thick mid-sagittal sections were stained with hematoxylin and eosin (H & E). These sections were analyzed using a grading scale (Masuda et al. 2005) to semiquantitatively evaluate disc degeneration under a light microscope.
TUNEL assay
Dewaxed IVD sections were incubated with 15 lg mL À1 of proteinase K for 15 min at 37°C. Following treatment with 3% H 2 O 2 to quench the endogenous peroxidase for 5 min at room temperature, the specimens were washed three times with phosphatebuffered saline (PBS) and detected for cell death in situ (Roche, Mannheim) according to the manufacturer's instructions. The sections treated with DNase (2 U mL
À1
) for 1 h and processed without terminal transferase served as the positive and negative controls, respectively. The positive percentage was calculated by selecting similar regions in these sections to determine the number of positive-stained cells under light microscopy (magnification 9 200).
TEM
The samples including the NP and the herniated tissue located in the punctured area at the anterolateral part of the discs were dissected into three cubes (approximately 1 mm 9 2 mm) and fixed in 2.5% glutaraldehyde overnight. They were washed with PBS three times, post-fixed in 2% osmium tetroxide and blockstained with 2% uranyl acetate. Following dehydration in an acetone series, these cubes were embedded in Araldite. The semithin sections were subjected to toluidine blue staining to observe the location of the cells. Finally, ultra-thin sections of at least three blocks derived from a single disc were visualized under a Hitachi TEM (Katsuta, Ibaraki, Japan). In a section of NP tissue, at least 13-15 cells and six fields of view were examined to determine the percentage of chondroptotic cells and cells showing classical apoptosis. Under TEM, condensed nuclear chromatin, shrunken cell membrane and blebbing of apoptotic bodies were used to identify the typical apoptotic cells. Dark cells with extensive ER blebbing of cytoplasmic vacuoles, a ruptured cell membrane and vacuole discharge were used to distinguish the chondroptotic cells. All chondroptotic cells in the early, middle and late stages were included in the calculation. The BlandAltman method and MEDCALC software (Medcalc, Mariakerke, Belgium) were used to evaluate the level of inter-observer and intra-observer agreement in the number of apoptotic and chondroptotic cells.
Western blotting for caspase 3 and 58K Golgi protein
At 4 and 12 weeks after the puncture, the NP tissue was collected, and the protein was isolated using RIPA lysis buffer with 1 mM phenylmethylsulfonyl fluoride (PMSF; Beyotime, China). The total protein concentration was determined using an enhanced BCA protein assay kit (Beyotime). Each sample of 30 lg protein was separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and transferred to a polyvinylidene difluoride (PVDF) membrane (BIO-RAD, USA). The membranes were soaked for 2 h in 5% non-fat milk and incubated overnight with rabbit polyclonal antibodies against caspase 3 (Abcam; 1 : 500), 58K (Abcam; 1 : 200) and GAPDH (Abcam; 1 : 3000). After washing three times, the membranes were incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibodies, and the bands were detected with the ECL plus (Invitrogen, USA) reagent using enhanced chemiluminescence (PerkinElmer, USA). Finally, the intensity of the bands was quantified using the ALPHAEASEFC 4.0 software.
Statistical analysis
Statistical analyses were performed using the SPSS 15 statistical software program (SPSS, Chicago, IL, USA). Normality was checked using the Kolmogorov-Smirnov test, and the differences between groups were evaluated by ANOVA or Kruskal-Wallis test. LSD analysis or Mann-Whitney U-test was used to explore the differences between two groups, as needed. The Bland-Altman method was used to evaluate the consistency of the intra-observer and interobserver evaluation. Differences were considered statistically significant at an error level of P < 0.05.
Results

Model establishment
Failure to precisely control the dose of the anesthetic led to the death of two rabbits in the model group during the MRI examination. The remaining rabbits completed the experiment successfully without obvious surgical complications.
Histological, radiographic and MRI evaluation
To confirm the IDD after puncture, we evaluated the histology, DHI and MRI scores using H & E staining, X-ray and MRI, respectively. The degeneration of the IVDs involved loss of extracellular matrix. The NP cells were transformed into chondrocyte-like cells, accompanied by disorganization and invagination of the annulus with an indistinct border between the AF and NP compared with that observed in the normal discs (Fig. 1A) . Compared with the score of the normal discs, the postoperative histological score at 4 and 12 weeks was significantly higher (P < 0.01 at each time point; Fig. 1D ). The DHI of L3-4 and L5-6 showed a slow and progressive decrease, and the percentage of DHI at each time point after puncture was significantly smaller than the pre-surgical value (P < 0.01; Fig. 1B,E) .
Furthermore, the size of the osteophytes adjacent to the punctured discs was increased. Analysis of the MRI scans of rabbits using T2-weighted, midsagittal plane images revealed a gradual decrease in the intensity and area of high signals in L3-4 and L5-6, while the non-punctured L4-5 discs showed a relatively constant signal (Fig. 1C) . Using the modified Thompson classification, the punctured discs also showed a progressive degeneration (P < 0.01; Fig. 1E ).
Apoptosis of NP cells
The positive-stained cells were stained green under fluorescence microscopy and brownish red under light microscopy ( Fig. 2A) . Few apoptotic NP cells were detected in normal discs (1.6 AE 0.8%). Compared with that in the normal discs, the degenerated NP contained significantly more apoptotic cells (4 weeks: 7.5 AE 1.9%, P < 0.01; 12 weeks: 18.7 AE 3.2%, P < 0.01; Fig. 2B ).
Ultrastructural morphology
Chondroptotic cells
The NP tissue was observed using TEM to identify the type of programmed cell death. We found that chondroptosis rather than apoptosis was the major programmed cell death present. Chondroptosis was characterized by a series of changes from the early to late stage as follows.
Early stage of chondroptosis. The cells in this stage were characterized by a condensed nucleus and extensive ER. The chondroptotic cells, also known as 'dark' cells, contained a darker nucleus and cytoplasm and were smaller in size compared with that in the healthy cells (Fig. 3D) , indicating cellular degeneration. However, unlike the crescent-shaped masses (Fig. 3C) or the sharply delineated mass of apoptotic cells, the chondroptotic cells showed an indented nuclear envelope and small patches of condensed chromatin scattered around the nucleus (Fig. 3E,F) . The rER membrane increased and expanded to enclose the cytoplasm and organelles, which were digested or secreted into the extracellular space (Fig. 3H) . In addition, the cytoplasm contained many Golgi complexes and blebs (Fig. 3G) . Half of the cytoplasm showed a ruptured appearance or protruded to the cell exterior (Fig. 3F) , with numerous vesicles including autophagic vacuoles derived from the rER.
Mid-stage of chondroptosis. The nucleus and the cell membrane were hyper-condensed and smaller (Fig. 4B) , indicating the relationship between cytoplasmic changes and nuclear alterations. As a result, the morphology of these cells became spindly and darker, and the density of the karyoplasm also increased (Fig. 4A,B) . The majority of the cytoplasm and organelles including the Golgi complex disappeared, while the large rER membranes almost filled the cell, restricting the remaining cytoplasm to a lumen for digestion and extrusion (Fig. 4C) . The vacuoles were depleted, and only the nucleus remained. Finally, the cell contained only a hyper-condensed nucleus, accompanied by a few rER membranes, indicating that the cell was on the verge of death (Fig. 4D ).
Late stage of chondroptosis. The late stages were characterized by the condensation of the nucleus and disintegration of ER membranes into vesicular detritus (Fig. 4E,F) , which is represented by the dark particles surrounding the normal cell.
In brief, the process of chondroptosis entailed progressive extrusion, secretion and disintegration of the cell including the cytoplasm, organelles and nuclear remnants.
Despite extensive ultrastructural studies involving apoptosis in IVDs, classic apoptosis was rarely seen in the NP (Fig. 3C) . We found that the percentage of chondroptotic cells was significantly higher than that of apoptotic cells at 4 and 12 weeks after puncture in the same discs (P = 0.025, P = 0.044; Fig. 4G ). Furthermore, compared with that observed in the normal discs, the punctured nucleus contained significantly more dark cells (at 4 weeks, P = 0.021; at 12 weeks, P = 0.005). However, the number of classical apoptotic cells in these groups was similar (P > 0.05), although it appeared that the apoptotic percentage was greater at 12 weeks than in control. Due to the inconspicuous differences separating the three stages of the cells, we failed to observe a precise distribution of these cells in different types of NP tissue. However, we found that the severely degenerated NP contained a higher number of dark cells in the midand late stages. Histological changes in IVDs after puncture were evaluated using a grading score, and all data are presented as the mean AE standard deviation (SD). *P < 0.05, **P < 0.01, n = 6. (E) Decreased % disc height index (DHI) of the punctured discs and gradually increased MRI score using modified Thompson classification. All the data are presented as the mean AE SD. **P < 0.01, n = 6 discs from three rabbits.
Because of the non-normal distribution of these variables, the Bland-Altman method was used to elevate the reproducibility of counting the number of apoptotic and chondroptotic cells under TEM. As shown in Fig. S1 , the mean differences of all parameters including the apoptotic and chondroptotic cell number were close to the '0' value. In addition, only one dot was located outside of the limits of agreements in Fig. S1B-D , indicating good reproducibility of the cell number counts.
Paralyzed cells
Dark cells were absent in the herniated tissue. However, a few strange cells, designated 'paralyzed' cells, presented with morphology that was different from that of the normal chondrocyte-like and dark cells. First, the cytoplasm of these cells was occupied by a considerable number of ER membranes, and the remaining cytoplasm was enclosed by the expanded ER lumen. As described by Roach & Clarke (1999) , the cytoplasm resembled an 'island' within a 'lake' of rER lumen (Fig. 5C) . The cytoplasm and organelles were digested by an unknown mechanism. However, no nuclear condensation occurred as opposed to that observed in the dark cells. Finally, a few ER membranes showed dark, worm-like inclusions (Fig. 5E) together with a few Golgi complexes, vesicles and swollen mitochondria (Fig. 5F ). The nucleus was condensed with convoluted morphology and patches of chromatin, representing a paralyzed state.
Expression of caspase 3 and 58K Golgi protein in the NP
Caspase 3 is the executioner of cell death. Therefore, we used Western blot to analyze caspase 3 expression in the punctured NP (Fig. 6A) . Compared with the protein levels in normal and punctured NP tissue at 4 weeks, densitometry revealed a significant increase in caspase 3 levels at 12 weeks after puncture (P < 0.01; Fig. 6B ). The 58K protein is the marker of the Golgi apparatus. Its relative expression increased significantly at 4 weeks after puncture compared with that of the normal group (P = 0.019; Fig. 6 ). At 12 weeks after NP puncture, the relative expression of the 58K
Golgi protein was decreased compared with the levels at 4 weeks (P = 0.06; Fig. 6 ).
Discussion
Chondroptotic cells were first observed in the early growth plate of rabbits' femurs (Erenpreisa & Roach, 1998 Clarke, 2000). Cartilage in the growth plate is an avascular structure, similar to the IVDs. Previous studies have described chondroptotic cells in the degenerated discs of patients (Sitte et al. 2009 (Sitte et al. , 2012 , while the ultrastructure morphology of classic apoptosis has not been reported in the herniated NP. In these studies, only the chondroptotic cells in the early stage were analyzed, ignoring cells in the middle and late stages. However, we found that the ultrastructural morphology of chondroptosis was different across the different stages. Therefore, the present study was the first research to systematically study chondroptosis across all stages in a needle-puncture rabbit model of IDD. According to the classification described in a previous paper (Adams & Dolan, 2012) , IDD could be classified into two types, including endplate-driven type A and annulus-driven type B. The disc degeneration in the present study might belong to the B degeneration due to the fissures in the AF induced by the puncture. The change in the NP cells in the present study might be a response to the sudden drop in the NP pressure. However, there is no definite evidence supporting this speculation.
Recently, several studies focusing on apoptosis in aged or degenerated IVDs of patients based on TEM have revealed condensed nuclear chromatin and shrunken cell membranes (Postacchini et al. 1984; Ahsan et al. 2001; Gruber & Hanley, 2002) . The ultrastructural morphology of these cells met the criteria of chondroptosis, including a convoluted nucleus, patchy chromatin condensation, extensive blebbing, and abundant ER membranes and Golgi complexes. Gruber & Hanley, (2002) described the rupture of specific areas of the cellular membrane of apoptotic human disc cells in the early apoptotic stage. Our findings indicate that the membranes of the classic apoptotic cells were intact, and death with 'dignity' was used to prevent the leakage of excitatory amino acids, proteolytic enzymes, DNA and oxidized lipids in a proinflammatory response (Bacigalupo et al. 2007) . Therefore, chondroptosis occurred as a variation of apoptosis that had already been observed, but the researchers failed to detect it.
By using the TUNEL method, the apoptotic incidence of the NP cells was significantly different across groups in this study. Interestingly, at 12 weeks, the total proportion of chondroptotic and apoptotic cells calculated under TEM was similar to the apoptotic incidence detected by the TUNEL assay (approximately 18%). Consistent with other studies (Grasl-Kraupp et al. 1995) , we indirectly found that all of the apoptotic and chondroptotic cells showed DNA breakage using the TUNEL assay. If the TUNEL method was used to evaluate the incidence of classical apoptosis in the IVD cells of various models, the percentage of chondroptotic cells should be deducted to prevent an artificial exaggeration. However, most previous studies related to apoptosis in IVDs used the TUNEL assay to detect the incidence of apoptosis, and the majority of the 'apoptotic cells' probably showed chondroptosis.
The main characteristic of osteoarthritis and IDD is the loss of viable chondrocytes and NP cells (Blanco et al. 1998; Sharif et al. 2004; Zhao et al. 2006) . However, the type of cell death remains controversial. Co-localization of the Golgi complexes with caspase-2L in the TUNEL-positive cells and the presence of a higher number of Golgi complexes in the chondrocytes of human osteoarthritic cartilage than normal cartilage indicate that chondroptosis might be the predominant type of programmed cell death in cartilage (Perez et al. 2005; Zamli & Sharif, 2011) . In the present study, the gradual degeneration of the punctured discs was demonstrated by using MRI and radiological and histological evaluation. Our study showed a significant increase in the number of dark cells in the severely degenerated NP compared with that in the moderate and normal specimens. In the discs at 12 weeks after puncture, a higher number of dark cells was observed in the middle and late stages. Furthermore, there were significantly more chondroptotic cells than apoptotic cells in the degenerated NP. Therefore, at least two important types of programmed cell death occurred in the disc, and chondroptosis may play a more important role in the development of NP degeneration. Chondroptosis should be further explored in vivo and in vitro. The culture system in vitro, including pellets, may also be used to induce chondroptosis of NP cells (Ahmed et al. 2007) .
The 58K protein is a marker of the Golgi complex, and its expression was increased in the rabbit NP 4 weeks after the operation, but declined later in the present study. At the same time, chondroptotic cells in the early stage were filled with extensive Golgi complexes that were then digested and secreted into the extracellular space in the middle and late stages. Kouri et al. (2002) found that the Golgi labeling intensity was decreased in the rat osteoarthritic cartilage by day 45 after surgery; however, Perez et al. (2005) found that the intensity was increased in human osteoarthritic cartilage. The notion that the rat cartilage was completely destroyed in 60 days after surgery could explain the above discrepancy (Perez et al. 2005) . Therefore, the severity of the degeneration might determine the number of Golgi in the cytoplasm. In our study, the NP changes and degeneration of the rabbit discs were slow and developed gradually, mimicking the alteration in the human discs by using the puncture model. Previous studies have proven that degeneration begins at 4 weeks after puncture in the rabbit IDD model (Masuda et al. 2005 ; Sobajima et al. 2005), accounting for the increase in 58K expression at 4 weeks after the operation. Ahmed et al. (2007) found that staurosporine induced apoptosis of fetal horses chondrocytes cultured in a monolayer but chondroptosis of chondrocytes cultured in pellets similar to those seen in vivo. Apoptosis and chondroptosis might share similar pathways in vivo, resulting in the possible confusion reported in the previous studies related to apoptosis in IVDs. The ER pathway has been demonstrated in the degenerative rat IVDs and the cultured rat AF cells, and in vivo silencing of CHOP (C/EBP homologous protein) even attenuated disc degeneration (Zhao et al. 2010; Zhang et al. 2011) . The abundant rER membranes in the cytoplasm observed in the present study suggested that the ER pathway also played an important role in chondroptosis. Additionally, in other degenerative diseases, activation of caspase 3, known as a death executioner and the main apoptosis executor, was also induced by the activation of the ER stress pathway (Song et al. 2002; Hitomi et al. 2004) . Although the expression of caspase 3 was increased in the degenerative discs, the precise role of caspase 3 in chondroptosis needs to be explored in the future.
The ultimate fate of the dark cells is controversial, although some studies have reported that healthy chondrocytes occasionally engulf the dark cells and apoptotic bodies in embryonic chick femurs and in chondrocyte pellet cultures (Erenpreisa & Roach, 1996 Ahmed et al. 2007) . The bovine NP cell may potentially act as a phagocyte in vitro (Jones et al. 2008 ), but we did not observe a similar phenomenon. Instead, the remnants in the lacunae gradually disintegrated into debris, leaving the empty nests, and the debris were absorbed and became a part of the extracellular matrix (Burdan et al. 2009 ). The debris of dead human NP cells constitute the encircling layers of the extracellular matrix surrounding the healthy cells (Gruber & Hanley, 2002) , which may be absorbed during degeneration or tissue calcification (Loreto et al. 2011) .
Dark cells were found in the NP, whereas paralyzed cells were present in the herniated tissue containing the osteophytes, indicating a role of the environment in the development of specific cell death types in IVDs. The definition of 'paralyzed' cells came from a previous paper (Roach & Clarke, 2000) . The word 'paralyzed' means that these cells appear to be 'in limbo', where the lumen of the ER fills the entire cytoplasm with dark and worm-like inclusions, resulting in a fewer number of organelles (Roach & Clarke, 2000) . The extensive rER membranes of the paralyzed cells suggested that they are a subtype of dark cell. The present study is the first report of 'paralyzed' cells in a needlepunctured model of IDD.
A major limitation of this study is that the needle-puncture-induced IDD does not absolutely reflect the process of degeneration in human discs, although an ideal model still needs to be identified.
In summary, chondroptosis is distinguished from apoptosis based on the ultrastructural morphology. In vivo, this study demonstrated that chondroptosis is a major type of programmed cell death in IVDs and elucidated its relationship with IDD. Previous studies investigating apoptosis should be reviewed to further elucidate the role of chondroptosis in IDD.
